number of gametocytes produced. Interestingly, the resulting population was completely devoid of male gametocytes but contained a small number of females, which suggests that PbAP2-G2 is also a regulatory factor in sex determination. Although further studies are necessary to verify these findings, they are the first results highlighting a putative sex determination factor in malaria. The same authors utilized protein-binding arrays to assay target sites of the recombinant DNA-binding domain of PbAp2-G followed by electrophoretic mobility shift assays, which yielded the discovery of two palindromic hexameric motifs (GxGTAC and GTACxC) necessary for binding of this transcription factor. Notably, these motifs occur at a significantly higher frequency within the 2 kb upstream region of genes with known gametocyte-specific expression patterns, compared to non-gametocyte genes. Interestingly, both motifs were present upstream of PbAP2-G itself, which led the authors to suggest the potential of an autoregulatory positive feedback mechanism. Similar feedback events are known to occur in other unicellular organisms such as Candida spp., in which multiple transcription factors regulate sexual stage switching through a network of positive and negative feedback loops [13] . Furthermore, high levels of H3K9me3 histone modifications and the perinuclear localization of pfap2-g, along with the previously measured presence of heterochromatin protein HP1 [14] , led Kafsack and colleagues to suggest that this gene is epigenetically silenced in the asexual cycle in a similar fashion as that seen among multigene families involved in virulence and immune evasion in P. falciparum. The pfap2-g locus could thus be epigenetically silenced during asexual replication but prone to activation, which in turn would explain the relatively low number of gametocytes seen in a given Plasmodium population. This idea deserves further investigation.
The studies performed by the authors described herein are the first to map and characterize specific factors involved in sexual stage commitment in Plasmodium spp. or in any other apicomplexan. Conceptually, AP2-G will be a powerful tool for the malaria community as it provides a genetic on/off switch for gametocytogenesis [7] and thus capacitates controlled experimental commitment assays. There are likely several other factors involved in the onset of gametocytogenesis, and future initiatives to map entire signaling and gene regulation pathways, both prior to and after the point at which ApiAP2-G acts, are now possible. Finally, the conserved nature of the ApiAP2 family among the Apicomplexa suggests that orthologs of ApiAP2-G or other AP2 transcription factors could contribute to sexual stage switching across this phylum. The lack of ApiAP2 orthologs in humans and other vertebrate hosts highlights ApiAP2-G as a strong candidate for the development of novel drugs targeting transmission of malaria in particular but potentially also of other apicomplexan pathogens. Cell Biology: ESCRTing Trouble Out! Calcium entry through a plasma membrane defect leads to the local recruitment of endosomal complex required for transport (ESCRT) proteins. These proteins are hypothesized to drive an outward bending of the affected plasma membrane, forming a small bud that is then shed from the cell, along with the troublesome defect.
Paul L. McNeil
Plasma membrane defects are created in vivo under physiological conditions that generate mechanical stress. The most well-studied example is skeletal muscle undergoing eccentric contraction exercise: this generates maximal levels of mechanical stress on muscle fibers and a dramatic rise in the incidence of plasma membrane disruption [1] . Pathological conditions can also produce disruptions, including of course traumatic injury and electrical shock. Moreover, bacteria liberate pore-forming toxins -proteins that lodge in the host cell plasma membrane, where, as multimeric transmembrane arrays, they form channels for abnormal molecular flux, such as calcium influx [2] . Calcium, whether entering a cell from the outside through a disruption or a pore, does so down a 10,000-fold concentration gradient. And calcium is a potent toxin. Cell death resulting from calcium influx can be prevented by the repair of a physically induced plasma membrane disruption. However, if the source of the calcium influx is a pore formed from transmembrane pore-forming toxin proteins, it is not a repairable defect but rather something that must be eliminated, either by destruction or shedding. One proposed mechanism [3] involving the simple movement of the pore by endocytosis from the cell surface to the cytoplasm does not eliminate the problem: it just shifts it to another location, and abnormal molecular flux continues across another vital membrane boundary. A new study in Science by Jimenez et al. [4] provides an elegant and straightforward mechanism for elimination: the problematic pore is budded off as a fragment of the cell membrane via a process that is under the direct control of endosomal complex required for transport (ESCRT) proteins.
It has long been known that extracellular calcium is required for cell survival following a plasma membrane disruption: this was one of the first discoveries made after micro-instruments capable of poking and prodding cells became available to investigators circa 1930. More recent research has confirmed this finding [5] and has also shown that cell survival following attack by pore-forming toxins shares this calcium requirement [6] . What cellular event does calcium trigger that promotes survival? For larger disruptions, i.e. greater than one micron, calcium influx promotes the fusion of intracellular membrane compartments with one another. This forms an enlarging patch vesicle near the disruption site, which then fuses exocytotically with the plasma membrane [7] . For smaller disruptions, calcium-induced exocytotic events alone, in the absence of cytoplasmic patch formation, might suffice: these reduce plasma membrane tension, tipping the energy balance in favor of the self-sealing capacity that all unconstrained phospholipid bilayers have [8] . However, neither of these repair mechanisms can explain the calcium dependence of cell survival after attack by pore-forming toxins, i.e. how a protein-based pore, which can't be repaired, is eliminated or destroyed.
Previous work had led to the suggestion of a possible mechanism. Overexpression of members of the ESCRT family of proteins increases the number of plasma membrane protrusions [9] . Moreover, viruses bud from the cell surface via an ESCRT-mediated mechanism [10] . Most important was the finding that cell attack by pore-forming toxins induces the formation of blebs and their shedding, and that these shed vesicles harbored profiles that, when viewed at high resolution in deep-etch electron micrographs, were of the size and shape predicted of a toxin pore [11] . Supporting this finding, live-cell imaging revealed that attack by pore-forming toxins generated cell surface blebs and vesicle shedding [12] . Are ESCRTs responsible for this budding and shedding of toxin pores?
ESCRTs drive membrane budding away from the cytosol, in contradistinction to clathrin and the COP coat proteins, which bud membrane into the cytosol [13] . The ESCRTs act in one of four separate complexes, designated in order of operation as '0-III'. Each complex is thought to have a different function: recruitment of ubiquinated cargo proteins (ESCRT-0); bending of membrane away from the cytosol in three dimensions to form 'buds' (ESCRTs-I/II); and then cleavage of the bud neck (ESCRT-III) releasing into the lumen of a multivesicular body a ubiquinated cargo for degradation or into the outside world a small vesicle containing a virus.
Jimenez et al. [4] have now provided structural data supporting the hypothesis that ESCRTs mediate the removal of membrane pores or small membrane disruptions by shedding them from the cell in small vesicles. Using various methods to disrupt plasma membrane barrier function in cells --poking cells with a microneedle, blasting them with a laser or adding pore-forming molecules to the cell culture medium --the authors observed the rapid (within 30 seconds) recruitment of a member of the ESCRT-III complex (EGFP-tagged CHMP4B) to these injury sites from a cytosolic, not a vesicular source. Wound closure timing, estimated by mathematical modeling of dye entry kinetics after laser injury, correlated (A) Calcium entering through a small plasma membrane defect, such as that produced by a bacterial pore-forming toxin, evokes a local exocytotic response, adding additional membrane near the site of the defect. Recruitment of cytosolic ESCRT proteins (green lines) begins the local deformation of the plasma membrane. The developing bud utilizes for its growth the membrane that has been recently added by exocytosis. Finally, scission, also mediated by ESCRTs, releases the defective region of membrane into the extracellular space. If the defect is due to a pore-forming toxin, the cell has thereby rid itself of a problem. Note that an ectosome is also produced by this mechanism. (B) Calcium entering through a large membrane disruption initiates the fusion of internal membrane compartments with one another locally in the cytosol. Exocytotic fusion along the margins of this fusion product apply a patch of replacement membrane over the disrupted region. The protein machinery mediating these events (not indicated) includes the SNARE proteins, dysferlin and annexins.
temporally with CHMP4B-EGFP recruitment. Additional ESCRT-III components (CHMP3, CHMP2A and CHMP2B) were similarly observed to be recruited to injury sites. Moreover, ALIX, a calcium-binding protein capable of recruiting these ESCRT-III components in the absence of ESCRT-I/II [14] , appeared at membrane disruption sites. All of these recruitment events were calcium dependent, as they were inhibited following depletion of calcium from the cell culture medium. Importantly, overexpression of a calcium-bindingdefective mutant of ALIX blocked ESCRT-III assembly at injury sites. Finally, the recruitment of the AAA+ ATPase, Vps4, which mediates the disassembly of ESCRT-III polymers, was observed at disruption sites.
The authors also present functional evidence for the involvement of ESCRT-III proteins in the repair process. When CHMP2A levels were reduced by siRNA treatment, the repair of small, but not large, laser-induced membrane disruptions was inhibited. Finally, by combining confocal and scanning electron microscopy imaging, it was possible to demonstrate that ESCRT-positive membrane vesicles were shed at sites of membrane disruption. These shedding events were ATP dependent, as would be expected for ESCRT disassembly mediated by Vps4.
The authors propose that ESCRTs mediate the repair of small membrane disruptions ( Figure 1A) . Perhaps most importantly, this work suggests a mechanism for elimination of pore-forming toxins from cells, permitting cell survival from such attack. It may be of biological importance that, as a by-product of this mechanism of repair, an ectosome is produced. By contrast, repair of larger disruptions, a process not mediated by ESCRTs, occurs by patching ( Figure 1B) .
Many unanswered questions remain and deserve further study. First, how exactly does calcium trigger the necessary ESCRT assembly event?
The calcium-binding domain of ALIX (also known as Bro1) mediates binding to the lipid lysobisphosphatidic acid, which is known to be present in multivesicular bodies, but not on the plasma membrane [15] . Second, how is the outward budding of the pore accomplished in the absence of the participation of the ESCRT-I/II complexes? Third, in a study mentioned above [11] , which was the first to describe plasma membrane budding and shedding at sites of pore formation by streptolysin O, it was observed that the budding event occurred even in fixed cells, suggesting that it was not a protein-mediated event. Also in this previous work, only the final scission event, not the budding event, was found to be calcium dependent, as would be expected if the ESCRT-III complex alone was involved. Is the role of the ESCRT-III proteins therefore limited to scission? Fourth, are other non-ESCRT proteins, besides ALIX, involved in ESCRT-III recruitment? Fifth, given that membrane disruptions are common under physiological conditions in vivo, is this a new and physiologically important pathway for ectosome production? Finally, the calcium regulation demonstrated for membrane repair raises the question of whether this signaling pathway may be universally important in other ESCRT-mediated vesicle formation events, such as those occurring in the multivesicular body or during virus budding. Invasive Species: Old Foes Meet Again Tawny crazy ants are spreading across the southern U.S., replacing one of the most notorious invasive pests, the red imported fire ant. A crucial factor in this process is that tawny crazy ants are able to efficiently detoxify fire ant venom.
Daniel J.C. Kronauer
Ants are among the most devastating invasive species globally. They can pose a danger to agriculture and constitute serious public health hazards [1, 2] . Like other exotic species, invasive ants can occur at extremely high population densities in their introduced range, where they often outcompete and displace local native species [1, 2] . A frequently cited notion that helps explain this phenomenon is the 'enemy release hypothesis'. This
